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Determination of Mixed Hydrate Thermodynamics for Reservoir Modeling 
Nagasree Garapati 
 
Natural gas hydrates are likely to contain more carbon than in all other fossil fuel reserves 
combined worldwide. Most of the natural gas hydrate deposits contain CH4 along with other 
hydrocarbon gases like C2H6, C3H8 and non-hydrocarbon gases like CO2 and H2S.Thus, if CH4 
stored in natural gas hydrates can be recovered, the hydrates would potentially become a clean 
energy resource for the next 10,000 years. The production of CH4 from natural gas hydrate 
reservoirs has been predicted by reservoir simulators that implement phase equilibria data to 
predict various production scenarios. Therefore, it is very important to predict accurately phase 
equilibria of mixed hydrates. In this work an empirical correlation of dissociation pressure with 
respect to temperature and gas phase composition for CH4-C2H6 mixed hydrate system is 
developed by fitting to available experimental data. It is a simple method with limited accuracy. 
Statistical thermodynamics approach developed by van der Waals and Platteeuw in 1959 
provides best approximation to predict the phase equilibrium data. They assumed that there are 
no lattice distortions due to the guest molecules, hence constant reference parameters are used 
for different guest molecules. Later, Hwang et al by his molecular dynamics found that there are 
lattice distortions due to the guest molecules and Holder et al. proposed that the reference 
chemical potential difference ∆μ  and reference enthalpy difference ∆  varies with the guest 
molecule. In this work, a correlation of ∆μ  and ∆  with respect to guest molecular size is 
developed to estimate the values of ∆μ  and ∆ . The cell potential method developed by 
Anderson et al. is modified for variable reference parameters. The method is validated by 
reproducing the phase equilibria of simple hydrates and the structural transitions that are known 
to occur. Three-dimensional phase equilibria and structural transitions occurring in the mixed 
hydrates like CH4-C2H6, CH4-N2 and N2-CO2 are predicted accurately without fitting to 
experimental data.  The phase equilibria of CH4-CO2 and CH4-N2-CO2 hydrates are predicted to 
assess the production of CH4 from the reservoirs by replacing CH4 in the hydrate by pure CO2 
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1.1  Definition 
Clathrate hydrates, also known as gas hydrates, are nonstoichiometric crystalline inclusion 
compounds formed by the physically-stable interactions between water and relatively small guest 
molecules, where guest molecules are entrapped in the cavities built by water molecules. The 
most common guest molecules are methane, ethane, propane, isobutane, normal butane, nitrogen, 
carbon dioxide and hydrogen sulfide. The generic name “clathrate” is taken from a Greek word 
“khlatron” which means “bars”1. Clathrates typically form under cold temperatures and relatively 
high pressures.  
1.2  Overview and Historical Perspective 
1.2.1 Discovery 
Clathrate compounds were first observed in 1810 by Sir Humphrey Davy2 while experimenting 
with chlorine and water mixtures, as the mixtures cooled, a solid material forming at 
temperatures above the normal freezing point of water was observed. The chlorine hydrate 
compositions were studied by Michael Faraday3 and suggested that its composition to be nearly 1 
part of chlorine and 10 parts of water. In addition, there was some evidence that Joseph Priestley4 
discovered SO2 gas hydrate 30 years prior to Davy’s observation while performing cold 
experiments in his laboratory. Generally natural gas hydrates occurs, on land in permafrost 
regions, on the sea floor, in ocean sediments, and in deep lake sediments. Naturally-occurring 
gas hydrates were first discovered in association with cold subsurface sediments in the Siberian 
permafrost terrains in 19645 and later in many marine sediments and in the Alaskan and 
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Canadian permafrost. Most commonly hydrates are known to form three different structures. 
Structure I hydrates are formed from gases that are provided by bacterial activity at shallow 
depths and contain 99% of methane and trace amounts of ethane and other non-hydrocarbon 
gases, while structure II and structure H are formed by gases produced by thermal pyrolysis of 
fossil organic matter which contains methane and significant amounts of other higher 
hydrocarbons (C2-C5)
6. Therefore, the naturally occurring hydrates are mostly mixed hydrates of 
methane and other hydrocarbons like ethane, propane. 
1.2.2 Hydrates in Industries 
Between 1810 and 1900 most of the research on hydrates focused on finding the composition of 
the hydrates. After the discovery of pipeline plugging by hydrates at temperatures above the ice 
point by HammerSchmidt7 in mid-1930s, the focus of clathrate hydrates investigation evolved to 
include understanding the formation, dissociation conditions and phase equilibria. 
Hydrates can be used for mass and energy storage. In 1942 M.E.Benesh8 proposed that hydrates 
can be used to store natural gas. Later, many investigations have been carried out in this area and 
investigations proved that storing natural gas in hydrates is technically feasible. However due to 
complexities in the process, the slow rate of hydrate formation, and the high cost of cooling it 
has not yet put in to common practice. They are useful in energy storage and recovery due to 
their heat of fusion and formation temperatures6, and are also used in sea water desalination9 and 





1.2.3 Hydrates as a Possible Energy Source 
More recently, natural gas hydrates have been considered as a large potential source of relatively 
clean energy. Hydrates are estimated to contain more carbon than in all other fossil fuel reserves 
combined worldwide. The breakdown of 1 volume of hydrate yields about 164 volumes of gas at 
1 atm and 273 K10. The energy required for the dissociation of hydrate is less than 15% of the 
recovered energy. The estimations of hydrate occurrences in the world are based on assumptions 
made by each estimator. Gas hydrate estimates by different researchers are shown in Table 1.1. 
Trofimuk11 was the first to estimate the extent of hydrate occurrences in 1973 with assumption 
that hydrates occur wherever suitable conditions of temperature and pressure exists. Worldwide, 
more than 90 hydrate occurrence sites have been identified, either directly or indirectly, as shown 
in Figure 1.1. Current estimates show that these hydrate sites could contain about 1015 to more 
than 1017 m3 of methane at standard temperature and pressure12.  The energy consumption of 
United States for 1000 years at current rate is around 1015 m3. Thus the resource of hydrates can 
become a potential clean energy source for up to 10,000 years13.  
 
Figure 1.1. World Map of Natural Gas Hydrate Occurrence Sites. 
Source: Lorenson, T. D.; Kvenvolden, K. A. “Global Occurrences of Gas Hydrate.” Geophysical 
Monograph. 2001, 124, 3.  
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1.2.4 Carbon Dioxide Sequestration 
Natural gas hydrates could be a source for sequestering carbon dioxide. The hydrate formation -
dissociation conditions of CH4 and CO2 are different and the equilibrium pressures for CO2 
hydrate are lower when compared to that of CH4 hydrate at temperatures below 285 K as shown 
in Figure 1.2. Therefore, it is thermodynamically possible to replace CH4 in the natural gas 
hydrate with CO2. In 1996 Ohgaki et al.
31 was first to develop the idea of swapping CH4 by CO2 
in gas hydrates. As CO2 replaces CH4 from the CH4 hydrate it forms a mixed hydrate of CH4-




Figure 1.2 Thermodynamic Phase Diagrams for CH4 and CO2 Hydrates.Q1: Lower Quadruple 
point Q2: Upper Quadruple Point. 
Therefore, accurate thermodynamic predictions of phase equilibria of mixed hydrates should 
prove to be a key tool in understanding the production and replacement of CH4 from the natural 
gas hydrates. 
1.3  Clathrate Hydrate Structures 
There are structure transitions that are known to occur with temperature in simple hydrates and 
with gas phase composition in mixed hydrates. During the production of CH4 from the natural 
gas hydrate reservoirs as the CH4 gas is evolved, the hydrate will be enriched in C2H6 and there 
may be a structural change in the hydrate due to the presence of C2H6. In order to understand 




In 1948 Powell32 at the University of Oxford was the first to describe the structure of clathrate 
and labeled them “clathrates”. Generally, upon freezing water forms ice in a hexagonal crystal 
structure. Though gas hydrates mostly contains water, they can form into cubic lattice structure 
which entraps the guest molecules. Three common crystal structures are formed by gas hydrates, 
two cubic structures – structure I and structure II and a hexagonal structure – structure H. 
Structure I gas hydrates consists of 46 water molecules per unit cell arranged in two 12-sided 
cages (512, pentagonal dodecahedra) and six 14-sided cages (512 62, tetrakaidecahedra), and can 
be occupied by at most 8 guest molecules of diameters between 4.2 Å and 6 Å like methane, 
ethane, carbon dioxide and hydrogen sulfide. There has been evidence of multiple small gas 
molecules such as H2 occupying same cage. The cavities of structure I are shown in Figure 1.3. It 
forms a primitive cubic lattice with lattice constant of 12.0 Å. The hydrate lattice structure is 
shown in Figure 1.4. The ideal, fully-occupied guest/water ratio is 8G·46H2O or G·5.75H2O 
where G is the guest molecule6. However, the fraction of the cages that are occupied varies 
according to temperature and pressure. This will be discussed further in section 2.2.3. 
Structure II gas hydrates consists of 136 water molecules per unit cell arranged in sixteen 12-
sided cages (512, pentagonal dodecahedra) and eight 16-sided cages (512 64 hexakaidecahedra), 
and can be occupied by at most 24 guest molecules of diameters less than 4.2 Å like nitrogen and 
hydrogen and molecules of diameters between 6 Å and 7 Å like propane and iso-butane. The 
cavities of the structure II are shown in Figure 1.5. It forms a face center cubic lattice with a 
lattice constant of 17.3 Å. The lattice structure is shown in Figure 1.6. The ideal, fully-occupied 




Structure H gas hydrates was first reported by Ripmeester et al.33 It consists of 34 water 
molecules per unit cell arranged in 3 (512 pentagonal dodecahedral cages), 2 (43 56 63 irregular 
dodecahedral cages) and 1 (512 68 icosahedral cages). Larger molecules of diameter between 7 Å 
and 9 Å like iso-pentane and neohexane can form structure H along with small molecules like 
methane, hydrogen sulfide or nitrogen. The cavities of structure H are shown in Figure 1.7 and 
the lattice structure in Figure 1.8. Simple hydrates of S H are not formed at normal temperature 
hence the concept of ideal guest/water ratio is only applicable for two/more guests6. 
The structure of the hydrate changes significantly in presence of other guest molecules, like 
structure I CH4 hydrate changes to structure II by addition of trace amounts of C2H6 and 
similarly structure II N2 hydrate changes to structure I by trace amounts of CO2. This structural 
change will result in significant change in hydration number and therefore the hydrate 
concentration. The phase equilibrium calculations vary with structure as discussed in section 
2.2.3.   The properties of the structures are tabulated in Table 1.26. 




     Structure I          Structure II             Structure H 
Small Large Small Large Small Medium Large 
 
Description 
No. of cavities/unit cell 
Average cavity radius 
Variation in radius (%) 
No. of water molecules 



















































(a)                  (b)  
Figure 1.3 Structure I Cavities (a) Small Cage (512, Pentagonaldodecahedron) (b) Large Cage 











Figure 1.4 Structure I Hydrate Lattice Structure 
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(a)                        (b)  
Figure 1.5 Structure II Cavities (a) Small Cage (512, Pentagonaldodecahedron) (b) Large Cage 
(512 64, Hexakaidecahedron) 
 









Figure 1.7 Structure H Cavities (a) Small Cage (512, Pentagonaldodecahedron) (b) Medium Cage 














1.4 Hydrate Stability 
The necessary conditions for hydrate formation and stability are driven by the thermodynamics 
of the system and can be summarized by: 
1. Low Temperatures  
2. High Pressures  
3. Adequate amount of water molecules 
4. Adequate amount of gas molecules. 
The gas hydrate stability zone (GHSZ) is the range of depths of subsea or subsurface at which 
natural gas hydrates can form and remain stable at existing temperature, pressure and local gas 
composition5. 
For marine environments, the GHSZ begins at a depth below 300-600 m of water and extends 
hundreds of meters below the seafloor with a temperature ranging from 2⁰C to 20⁰C34. 
For permafrost environments, the GHSZ begins at a depth of 100-300 m and extends hundreds of 
meters into the subsurface based on base of permafrost with a temperature ranging from -10⁰C to 
20⁰C34. 
The conditions for methane gas hydrate formation are illustrated in Figure 1.9 for both 
permafrost and sea floor regions, pressure and depth are shown on the vertical axis and 
temperature is shown on the horizontal axis. The depth of hydrate stability zone shifts due to 
geothermal gradient. Methane hydrate, being less dense than water, would float upward if 




Figure 1.9 Methane Hydrate Stability Zones (a) Permafrost Regions and (b) Sea Floor Regions. 
 
The stable regimes are governed by the hydrate thermodynamic phase equilibria. The phase boundary 
moves to the left in the presence of salt in the water and it moves to right in presence of other 
gases like carbon dioxide, hydrogen sulfide and other hydrocarbons i.e., the methane hydrate 
becomes unstable in the presence of salts hence they can be used as inhibitors and in the 
presence of other hydrocarbons like ethane the hydrate becomes more stable at relatively low 
pressure. In this work phase boundaries of various mixed hydrates are calculated, hence the 




1.5 Production of Gas from Hydrates 
Since the Worldwide resource potential of gas hydrate as an energy source is substantial, it is 
important to understand and study different techniques that may be used for recover the methane 
trapped in gas hydrates. Different techniques proposed for production of methane from gas 
hydrates include depressurization, thermal stimulation, inhibitor injection and gas exchange. 
1.5.1 Depressurization 
The objective of this method is to decrease the pressure within the hydrate stability zone, causing 
the hydrate to decompose and releasing the methane that will migrate towards the wellbore. This 
method is thought to be the most economically viable because there is no extra heat introduced 
into the system5. 
1.5.2 Thermal Stimulation 
The temperature of hydrate stability zone may be increased by a source of heat provided either 
directly by injecting steam, hot water, or any other heated liquid or indirectly by electric or sonic 
means, causing the hydrate to decompose. The thermal stimulation method is likely to be 
expensive because a large fraction of the heat supplied is lost to heat the porous media in which 
the hydrate is formed5. 
1.5.3 Inhibitor Injection 
Chemical inhibitor such as salts, alcohols and glycols could be used to shift the pressure-
temperature equilibrium conditions leading to dissociation of the gas hydrate. This method is 
15 
 
also likely to be expensive due to the cost of the chemicals. Additionally it would require high 
permeability in the hydrate-bearing sediment in order to allow for fluid injection5. 
1.5.4 Gas Exchange by CO2 and CO2+N2 
Each of the three processes discussed previously may cause geomechanical stress on the 
reservoir leading to subsidence. The proposed method of recovery of CH4 by replacement of CH4 
with CO2 through injection of pressurized CO2 would result in a greatly decreased perturbation 
to the solid hydrate. This process could be advantageous because of the potential for 
sequestrating CO2 along with CH4 recovery. CO2 hydrate is thermodynamically more stable than 
CH4 hydrate at temperatures below 283 K due to the lower equilibrium pressures of CO2 hydrate 
compared to that of CH4 hydrate. The Gibb’s free energy for the replacement is negative 
indicating the process is thermodynamically feasible35. It may also enable the sea floor to 
maintain its structural integrity even after the recovery of CH4 because CO2 also forms structure 
I hydrate similar to CH4 hydrate. Hence the hydrate maintains same crystalline structure even 
after replacement. The recovery rate of CH4 could be increased by using a binary mixture of N2 
and CO2, because N2 expels CH4 from the small cages and CO2 from the large cages of structure 
I. CO2 does not occupy the small cage while N2, because of its small size, readily occupies small 
cage. Hence N2 acts as an enhancing factor in recovery of CH4. Additionally the direct use of 
N2+CO2 removes the requirement of CO2 purification before the replacement process
36. 
All the production methods involve the change in the phase equilibrium conditions of the gas 
hydrates and are illustrated in Figure 1.10. The data for CH4 and CO2 phase equilibrium is 
obtained by predictions of cell potential code developed by Anderson et al.37 and the data of 
phase equilibrium of CH4 hydrate in presence of inhibitors is obtained from experimental data of 
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Ng and Robinson38. Therefore it is necessary to accurately predict the phase equilibrium 
conditions, and the structure of methane mixed hydrates to assess the production of CH4 from the 
natural hydrates.  
 
Figure 1.10 Phase Equilibrium Diagram of CH4 Hydrate with Different Production Methods. 
1.6 Reservoir Simulators 
The field scale experiments and the equipment required for the production are very expensive. 
Reservoir simulators can be used to predict production potentials of hydrate wells and to 
determine which technique best suits for that hydrate reservoir. In reservoir simulations, 
computer models are used to predict the flow of fluids (like oil, water and gas) through porous 
media over time. Reservoir simulation models are mainly used by oil and gas companies in 
developing new fields also in developed fields to predict the production rates which are needed 




Reservoir simulators involve solutions for highly complex combinations of fluid, heat and mass 
transport equations and formation/dissociation of multiple solid phases. The physical and 
chemical properties of the reservoir depend on the amount of hydrate present in the system at any 
time. Different models and mathematical algorithms have been used to solve these problems, 
with each approach having certain advantages and disadvantages. Different reservoir simulators 
used to study gas hydrate reservoirs are: 
1. CMG STARS39 
2. HydrateResSim40 
3. MH-21 HYDRES41 
4. STOMP-HYD42 
5. TOUGH+HYDRATE43. 
In the prediction of CH4 production from hydrate reservoirs, the pressure and temperature of the 
I-H-V and Lw-H-V three-phase lines are of particular interest as they describe the limits of 
hydrate formation and dissociation conditions. For pure CH4 hydrate, the above reservoir 
simulators except for STOMP-HYD  uses regression expressions developed by Kamath44 and 
Moridis45 to obtain equilibrium pressure and temperature relationships. These regression 
equations cannot predict the occupancies and composition of the hydrates and can be used only 
for pure hydrates. But, natural gas hydrates are not pure gas hydrates, as they contain trace 
amounts of other hydrocarbons and non hydrocarbon gases along with methane.  The CH4 
trapped in hydrate reservoirs can be recovered by injection of pure CO2 and CO2+N2 after 
replacing CH4 from the natural gas hydrate they form mixed hydrate of CH4-CO2and CH4-CO2-
N2 respectively. Hence a computationally tractable method has to be developed to implement 
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into the existing reservoir models for mixed hydrates which can also predict other hydrate 
properties.  
1.7 Estimation Techniques for Phase Equilibria 
In the past different predictions techniques have been used to calculate the three-phase (Lw-H-V) 
equilibrium conditions of gas hydrates: 
1. Gas gravity method 
2. Kvsi Method 
3. Statistical Thermodynamics approach. 
The first two methods are hand calculation methods, both involve the use of charts. The 
drawback for these methods is that they are not accurate. The third method is based upon 
statistical thermodynamics which provides the best approximation to predict the phase 
equilibrium data of gas hydrates but this method involves a number of iterations steps6. The 
techniques are discussed in detail in chapter 2. Therefore, in this work, we will develop methods 
that are faster and more accurate for use in reservoir simulators. 
1.8 Motivation 
The accurate predictions of hydrate-forming conditions and phase equilibrium data are necessary 
for production of CH4 gas from the natural gas hydrates. Naturally-occurring hydrate reservoirs 
mostly contain methane along with other hydrocarbon and non-hydrocarbon gases. The ability to 
predict mixed hydrates behavior is necessary in order to assess the production ability of these 
reservoirs. The phase equilibrium conditions of a pure hydrate changes significantly and the 
structure of the hydrate formed may also change due to the presence of other hydrocarbons. Any 
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structural change could result a significant change in the hydration number and hence the 
concentration of hydrocarbon in the hydrate. Both methane and ethane form structure I as simple 
or single-component hydrates but the mixture undergoes a transition from structure I to structure 
II at a methane mole fraction of 0.72 and 0.75 at 274.2 K46-47. Nitrogen forms structure II as a 
simple hydrate but with methane and carbon dioxide it forms structure I. Nitrogen-carbon 
dioxide hydrate forms structure II when the carbon dioxide composition is above 0.01 mole 
fraction in the gas mixture48. The methane-nitrogen mixed hydrate undergoes a transition in its 
structure at a mole fraction of 0.252 and 0.285 of methane49. The structure of the mixed gas 
hydrate depends on the relative gas composition. Because, the current state- of-art in the 
reservoir simulations only accounts for single-guest hydrates, we will develop a method to 
incorporate multiple guest hydrates. 
There are very few measurements of the hydrate phase compositions, due to experimental 
difficulty, which arises due to large amount of free water present often gets occluded in hydrate 
mass and separation of hydrate and water is difficult, hence the calculation of hydrate occupancy 
is often inaccurate. Therefore there is a need to develop a method which can predict phase 
equilibria curve along with the hydrate phase composition. 
Methods for production of methane gas from the hydrates include thermal recovery, 
depressurization and injection of chemical inhibitors. All the techniques involve perturbations to 
the phase equilibrium curve5. During the production from reservoirs as the methane gas is 
evolved the hydrate will be enriched with the other gases present like ethane, and it becomes 
more stable and favorable for formation of secondary hydrate.  Therefore, it is important to know 
the effects of the small amounts of the other gases present in the hydrate on production and 
hydrate reforming in a reservoir. 
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A newly proposed method for the production of CH4 gas is the use of CO2 gas. CH4 gas from the 
hydrates would be replaced by CO2 gas forming CO2 hydrate. This will serve the dual purpose of 
sequestering CO2 gas, a global warming gas, and the recovery of methane gas which can be used 
as a fuel31. Both CH4 and CO2 forms structure I hydrate hence it enables the seafloor to remain 
stable even after the replacement process. It has been found experimentally that the rate of 
recovery of methane from the hydrate using carbon dioxide is around 64%50. However, it is 
necessary to predict the phase equilibria of the CH4-CO2 mixed hydrate in reservoir simulators to 
provide for the evaluation of the scale up of the process. 
The fraction of methane recovered from the hydrate can be improved to 85% by using N2-CO2 
gas mixture instead of pure CO2. CH4 from large cages is mostly swapped by CO2 while that 
from the small cages by N2. Direct use of mixture reduces the effort of purification of CO2. To 
understand the process of swapping the ternary system CH4-N2-CO2 has to be studied
36. 
As CH4 from the hydrate reservoirs can become a potential energy resource. The production of 
CH4 from the hydrate reservoirs has become significant, it is not economic to conduct the field 
scale experiments as the equipment and the experiments are expensive. The reservoir simulators 
are used to model the production scenario that uses phase equilibria data of the hydrates to 
predict the production rates. Currently reservoir simulators are modeled only for the simple 
hydrates but production of CH4 from the hydrate reservoirs involves mixed hydrates like CH4-
C2H6, CH4-CO2 etc. The phase equilibria data for the mixtures are limited, therefore predictive 
methods like correlations and cell potential predictions are developed in this work and these 
predictions can be implemented into the simulators to predict the reservoir responses. 
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1.9 Thesis Objectives  
The overall goal of this thesis is to understand the phase equilibria of the simple and mixed 
hydrates and to develop method of implementing phase equilibria prediction into reservoir 
models. The equilibrium curve of the mixed hydrate and structural transitions are predicted using 
cell potential model.  Specific objectives of this thesis are: 
• To develop an empirical correlation of dissociation pressure with respect to temperature 
and gas phase composition of the mixed hydrates like methane-ethane hydrate system. 
• To modify the cell potential method for variable reference parameters and validate the 
model by predicting phase equilibrium data of simple hydrates. 
• To determine the three- dimensional (P-T-x) phase diagram and structural transitions for 
the methane-ethane mixed hydrate. 
• To predict methane and carbon dioxide mixed hydrate phase equilibrium so as to 
understand the swapping of CH4 by CO2 for production of CH4 gas from the gas hydrate 
and sequestration of CO2. 
• To calculate the phase equilibrium conditions for methane-nitrogen and nitrogen-carbon 
dioxide mixed hydrates. Nitrogen forms structure II as a simple hydrate but along with 
other guests it can form structure I.  
• To evaluate the methane, nitrogen and carbon dioxide ternary system. The recovery of 
methane from the gas hydrates using CO2 can be improved by using N2 and CO2 mixture. 
Nitrogen mostly occupies small cages in the hydrate structure while carbon dioxide 
occupies large cages. N2 could act as an enhancing agent for the production of methane 
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2 Hydrate Phase Equilibria Predictions 
In this chapter the theoretical framework for the calculation of gas hydrate phase equilibria is 
discussed. The various techniques used for predicting the gas equilibria and the method 
employed in this work are discussed. The conditions of three-phase (Lw-H-V) equilibrium are 
most useful in predicting the production rates of CH4 from natural gas hydrates as the production 
of CH4 gas from the hydrate reservoir is governed by the gas hydrate phase equilibrium. Along 
with temperature and pressure conditions it is also important to have knowledge about the other 
hydrate properties like cage occupancies and hydrate phase compositions. Methods have been 
developed since the 1940’s to predict the phase equilibria of gas hydrate systems. Initially hand 
calculation methods were developed which are inaccurate and are unable to calculate all of the 
hydrate properties, since 1959, statistical thermodynamic approaches have been developed that 
provide the best prediction of hydrate phase equilibrium data. 
Three common techniques used to calculate the three-phase (Lw-H-V) equilibrium conditions 
are: 
1. Gas gravity method 
2. Kvsi Method 
3. Statistical Thermodynamics approach 
2.1 Gas Gravity Method 
The gas gravity method is a simple method for estimating the hydrate formation conditions using 
the Katz gas gravity charts1, where gas gravity is defined as the ratio of the molecular mass of 
the hydrate-forming gas to that of air. The original charts were generated for hydrates containing 
only hydrocarbons, hence they should be used with care for hydrates that contain considerable 
26 
 
amount of other gases like CO2, H2S and N2. Though the method is simple it is not very accurate 
and hydrate composition cannot be calculated using the gas gravity method2.In approximately 60 
years of its origin, there are more hydrate data and prediction methods are developed that caused 
the gravity method to be used as a first estimate. Therefore more recent methods are discussed in 
this work. 
2.2 Kvsi Method 
The Distribution Coefficient (Kvsi-value) Method was developed by Wilcox et al.
3 and confirmed 
by Carson and Katz4. Carson and Katz observed that the hydrate composition varies with the 
temperature and pressure and therefore defined a vapor-solid distribution coefficient (Kvsi) for 
each component. 
                                                          	
  
 	
                                                          (2.1) 
where 
 = mole fraction of component i in the water-free vapor and 
          	
 = mole fraction of component i in the water-free solid hydrate. 
The distribution coefficient (Kvsi), a function of temperature and pressure is either calculated 
from the charts where the Kvsi values are presented as function of temperature and pressure or 
from the equation obtained by fitting all the Kvsi values from the chart 
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The Kvsi-value charts or equation are then used to estimate the hydrate forming conditions. The 
technique used in the calculation of the equilibrium conditions involves the calculation of Kvsi 
value such that the sum of mole fraction of each component in the vapor phase divided by the 
Kvsi value equals unity at the three- phase equilibrium conditions.  
                                                            ∑ 23456378  1.0                                                         (2.3) 
Two pressures, P1 and P2 are assumed at a given temperature and gas composition such that for 
one Kvsi (P1) value the ratio is greater than unity and for the other Kvsi (P2) value the ratio is less 
than unity. The equilibrium pressure is interpolated between these two values such that the ratio 
is equal to unity. A similar technique is used for calculating the equilibrium temperature at a 
given pressure and gas composition. The Kvsi charts for methane are obtained from the 
experimental data points and the Kvsi charts for guests other than methane are derived from the 
binary experimental phase equilibrium data, based on the Kvsi value of methane. At an 
experimental hydrate formation temperature, pressure and gas composition, the values of   are 
fixed and the Kvsi value of methane is read from the chart. Therefore, the only unknown is the 
Kvsi value of second component which calculated by satisfying the Equation 2.3. The accuracy of 
the Kvsi values for other components depends on the accuracy of the methane charts since they 
are derived from the methane charts, hence have to be used with caution for mixtures containing 
considerable amount of heavy and non combustible gases. The Kvsi value charts are obtained in 
certain temperature range above ice point (273-290 K). The method considers both the gas phase 
and hydrate phase as an ideal solution where the Kvsi value of a given component is independent 
of other components present in the solution, i.e.; there are no interaction between molecules. This 
assumption is acceptable for hydrocarbons but it cannot be applicable for dense gas phases. The 
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method was developed preceded the knowledge of hydrate structures, it is impossible for one set 
of Kvsi values to serve for both hydrate structures.  
The phase equilibrium data of CH4-C2H6 mixed hydrate is calculated using this method. At a 
given temperature for each gas composition the initial guess should be different. Though the 
calculations are simple, it predicted the phase equilibria with an average absolute deviation of 
31% in the temperature range of 273-283 K. Therefore, there is a need to develop a more 
accurate method which can be used for both structures. 
2.3 Statistical Thermodynamics Approach 
The pressure and temperature conditions for the formation or dissociation of a hydrate are 
governed by the equilibrium thermodynamics. According to standard thermodynamic phase 
equilibrium criteria, the chemical potential of each component must be the same in every phase. 
Thus, the phase equilibrium for gas hydrates can be defined as: 
                                                      μ< &, '  μ>,?&, '                                           (2.4)                                        
                                 μ@ &, ' A   μ< &, '  μ@ &, ' A μ>,?&, '                              
                                                ∆μ@<&, '  ∆μ@>,?&, '                                     (2.5)          
where   μ< &, ' = chemical potential of water in hydrate phase, H     
 μ>,?&, ' = chemical potential of water in liquid aqueous phase, L or ice phase, α depending  
on whether the temperature, T  is above or below 273.15 K, the freezing point of water. 
 and μ@ &, ' = chemical potential of water in hypothetical empty hydrate lattice, β. 
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2.3.1 van der Waals and Platteeuw Method 
The first statistical thermodynamic approach to predict phase equilibrium conditions was 
developed by Barrer and Stuart5. A much more successful method was later developed by van 
der Waals and Platteeuw6 based on classical Langmuir-type adsorption theory with these five 
basic assumptions: 
1. The guest molecules do not distort the cavity. 
2. Each cavity can contain at most one guest molecule. 
3. There are no interactions between the guest molecules. 
4. The internal partition functions for guest molecules are equal to that of the free guest 
molecules. 
5. Classical statistics are valid. 
The chemical potential difference between water in empty hydrate lattice and water in hydrate 
phase can be expressed as: 
                                           ∆μ@<&, '  B ∑ C ln &1  ∑ DD ED'                                (2.6) 
where  C= no. of type i cavities per water molecule, k = Boltzmann’s Constant, ED  = fugacity of 
guest component J calculated by Peng- Robinson equation of state7, and  D = Langmuir 
constant given by  D   FG34H  where ID is the configurational integral, ID is determined by the 
volumetric interaction of the potential energy between the guest and host molecules. 
                                                 J  KH L exp PQ&R,S,ø'KH U VW                                                  (2.7) 
 where W = potential function describing the guest-water interactions in the hydrate phase.  
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van der Waals and Platteeuw used the Lennard-Jones-Devonshire8 (LJD) theory to calculate 
interactions between the guest molecule and surrounding water molecules. This model assumes 
that W&r' is a suitable average of Z&[, \, ø' without actually averaging it. The smoothed cell 
Langmuir constant is given as: 
                                                  J  0]KH L exp PQ̂ &R'KH U ["V[_                                               (2.8) 
A Lennard-Jones 6-12 pair potential was used to calculate the binary interaction between guest 
and water molecules. The model works well for monoatomic or spherical molecules. 
McKoy and Sinanoglu9 proposed to use Kihara potential instead of Lennard-Jones potentials for 
rod-like molecules.  Parrish and Prausnitz10 improved the van der Waals and Platteeuw6 model 
with Kihara potentials for multicomponent gas hydrates. They reported Kihara parameters for 
different guest components by fitting the experimental data and proposed empty hydrate lattice 
thermodynamic properties .These properties have been used by other researchers since empty 
hydrate is not thermodynamically stable and its properties cannot be measured. They also 
provided an algorithm for calculating the phase equilibrium conditions of gas hydrates. The 
model is accurate within the temperature range of fit. The inaccuracy of model is mainly due to 
the assumptions that the water molecules are spread over a sphere of radius R and only first shell 
of water molecules are considered for total guest-host interactions. Many researchers have 




2.3.2 Hydrate Thermodynamics 
For structure I there are 2 small cavities, 6 large cavities and 46 water molecules, therefore the 
expression for the chemical potential of the structure I hydrate can be expressed as 
                          
 ∆`abcd&H,e'KH  ", lnf1  ∑ DD EDg  ,", lnf1  ∑ D"D EDg                     (2.9)        
For structure II there are 16 small cavities, 8 large cavities and 136 water molecules, hence the 
corresponding expression is 
                          
 ∆`abcd&H,e'KH  "h lnf1  ∑ DD EDg  h lnf1  ∑ D"D EDg                       (2.10)              
Clathrates are non-stoichiometric compounds, therefore all the cavities need not be filled by a 
guest component. The probability of finding the guest component, J in the cavity of type i is 
known as cage occupancy, yJ
 ≤ 1.0 which depends on equilibrium conditions. Mathematically, 
the cage occupancy yJ
 follows Langmuir adsorption isotherm and is related to Langmuir 
constant as: 
                                                               yJ
  lG3mno∑ lG3mnG                                                      (2.11)        
 Therefore, the chemical potential difference between water in empty hydrate lattice and water in 
hydrate phase in terms of cage occupancy can be given as  
                                           ∆μ@<&, '  AB ∑ C ln &1 A ∑ DD '                               (2.12)        
Holder et al.11 proposed an equation for the chemical potential difference between water in empty 
hydrate lattice and water in liquid aqueous phase or ice phase as: 
       
∆`abcp,q&H,e'KH   ∆`abcp,q&Hr,'KH A L s∆tabcp,q&H'KHu ve V HHr   L s∆wa
bcp,q
KH vHex V A ln y>               (2.13)     
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where ∆μ@>,?&, 0' is the reference chemical potential difference between water in empty 
hydrate lattice and water in liquid aqueous phase or ice phase at reference temperature, , and 
zero pressure. The temperature dependence of enthalpy difference is given as: 
                               ∆@>,?&'  ∆@>,?&'  L ∆e@>,?&'HHr V                             (2.14)        
where ∆@>,?&' is the reference enthalpy difference between water in empty hydrate lattice 
and water in liquid aqueous phase or ice phase at reference temperature, , and the heat capacity 
difference between the empty hydrate lattice and the water phase is approximated as: 
                                 ∆e@>,?&'  ∆e@>,?&'  z@>,?& A '                                    (2.15) 
where ∆e@>,?&' is the reference heat capacity difference and the constant z@>,? represents 
the temperature dependence of heat capacity. The volume difference ∆W@>,? is assumed to be 
constant and the last term in the Equation (2.13) involving the activity coefficient of water, y>   is 
given as: 
                                                                         y>  mapma                                                       (2.16) 
where E>  is fugacity of water in the water-rich aqueous phase and E  is fugacity of pure water.  
The activity coefficient of water is taken to be one for slightly soluble gases like hydrocarbons 
and for soluble gases like carbon dioxide it is calculated using Henry’s Law. 
2.3.3 Thermodynamic Reference Parameters  
The reference chemical potential difference,  ∆μ@>,?&, 0'  and the enthalpy difference, 
∆@>,?&' was assumed to be constant for any guest molecules in van der Waals Platteeuw6 
model due to assumption that guest molecules do not affect the host-host interactions. The 
reference parameters obtained from the literature are tabulated in Table 2.1. 
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Table 2.1 Thermodynamic Reference Parameters for Structure I and Structure II Hydrate from 
Literature. 
           Structure I (J/mol)        Structure II (J/mol)  






















































van der Waals and Platteeuw (1959) 
Barrer and Ruzicka (1962) 
Sortland and Robinson (1964) 
Child (1964) 
Parrish and Prausnitz (1972) 
Holder (1976) 
Dharmawardhana, Parrish and Sloan (1980) 
Holder, Malekar, and Sloan (1984) 
John, Papadopoulos, and Holder (1985) 
Davidson, Handa, and Ripmeester (1986) 
Handa and Tse (1986) 
Cao, Tester, and Trout (2002) 
Anderson, Tester, and Trout (2004) 
aRef 6,15-26 
 Later, Hwang et al. 12, by molecular dynamic simulations on the unit cell of the gas hydrates 
with different guest molecules, proposed that guest molecules can have an impact on the host-
host interactions in the lattice thus violating assumption 1. Zele et al.13 developed an empirical 
correlation between reference chemical potential and the cavity radius. 
                                                                  .     { ∆μ                                             (2.17) 
where R is the radius in Å and ∆μ   is in cal/mol. A and B are constants for three water shells for 
each type of cavity. Lee and Holder14 developed correlations for ∆μ  as a function of the Kihara 
hard-core parameter a, for structure I and structure II: 
for Structure I ∆μ  133.39 &0.0213 { y',         ."  0.9058 
for Structure II ∆μ  171.91 &0.0101 { y',         ."  0.8810                                (2.18) 
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where a is the Kihara parameter in pm and ∆μ   is in cal/mol. The reference chemical potential, 
∆μ@>,?&, 0' and enthalpy difference ∆@>,?&, 0' depend on the guest molecule, hence it is 
important to develop a correlation between the reference parameters and the guest molecule. In 
this work, the reference chemical potential and enthalpy differences are considered to be function 
of the diameter of the guest and a correlation between the reference chemical potential, enthalpy 
difference and the diameter is obtained and used in the model to obtain variable reference 
parameters. The values of other reference parameters used in this work are tabulated in Table 
2.2. 
Table 2.2 Thermodynamic Reference Properties for Structure I and Structure II Hydrates; T0= 
273.15 K 
 Structure I                Structure II Source ∆W@?(m3/mol)a            3.0 E-6                       3.4 E-6 27 ∆W>?(m3/mol) -1.598E-6  ∆>?&' (J/mol) 6009.5  ∆e@>&' (J/mol·K) -37.32+0.179(T - T0)           11 ∆e@?&' (J/mol·K) 0.565+0.002(T - T0)         11 




2.3.4 Fugacity Based Models 
The classical thermodynamics approach based on the concept of equality of fugacities between 
hydrate phase E< and aqueous phase E]  has been developed recently by Chen and Guo28-29. 
Klauda and Sandler30 also proposed a model based on equality of fugacity for a hydrate in 
equilibrium with aqueous or ice phase.  
The number of empirically-fitted parameters is reduced due to the ability to predict one of its 
parameters by calculating the values of energy from computational quantum mechanics, as they 
correspond to the values at absolute zero temperature. The model uses Kihara potentials 
parameters calculated from viscosity and second virial coefficient data. The vapor pressure of 
empty hydrate is dependent on the guest molecule thereby increasing the ability to predict the 
phase equilibria more accurately. The method can be used for mixed hydrates and predict the 
phase equilibria and structure transitions without refitting the parameters. The shell radii are kept 
constant in calculating the cell potential to reduce the number of parameters and to reduce the 
computation time a single cavity is included in the calculations. The number of adjustable 
parameters is three per guest in a hydrate structure which are similar to that of the vdWP model. 
2.3.5 The Cell Potential Method 
Bazant and Trout31 proposed that the spherically-averaged intermolecular potential can be 
determined by the temperature-dependent Langmuir constant. Anderson et al.32 used Bazant’s 
cell potential method where the guest-host interaction potentials are calculated analytically to 
determine the potential well depths and negative energy volumes for 16 guest components that 
form simple hydrates. They also extrapolated the cell potentials for a guest molecule in a known 
structure to estimate the cell potential in another hydrate structure. The parameters obtained are 
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verified by accurately predicting the phase equilibria of mixed hydrates without fitting to the 
experimental data.  
In this work the cell potential code developed by Anderson et al.32 is modified for variable 
reference parameters. The Langmuir constants are determined using van’t Hoff temperature 
dependence equation. The van der Waals equation6 is used to calculate the chemical potential 
difference of water in empty hydrate lattice and in hydrate phase.  Then Holder et al11 equation 
with variable reference parameters is used to calculate the dissociation pressure. Therefore, the 
model used in this method is van der Waals model along with variable reference parameters to 
account for lattice distortion and cell potential code for calculating the Langmuir constants. 
2.4 Methods Used in This Work for the Prediction of the Hydrate Phase Diagram 
Gas gravity method and Kvsi value method are simple, but are developed before the knowledge of 
the hydrate structures, cannot be used for both structures. They could not predict the phase 
equilibria accurately. Klauda and Sandler30 also have same no. of parameters as that of vdWP 
model. Therefore, in this work the van der Waal and Platteeuw6 model is used in calculating the 
chemical potential difference of water between the empty hydrate and the hydrate 
phase,  ∆μ@<&, '. The cage occupancy and Langmuir constant are related by Langmuir 
adsorption isotherm, Langmuir constant is calculated using cell potential code as described in 
section 2.4.1. Holder et al.11 simplified equation is used for calculating the chemical potential 
difference of water in empty hydrate and in aqueous phase,  ∆μ@>,?&, '.   
Parrish and Prausnitz10 proposed an algorithm for the prediction of three-phase hydrate 
equilibrium curve that was further simplified by Holder et al.11 in Equation 2.13 to eliminate the 
reference hydrate. This algorithm predicts the equilibrium pressure at a given temperature by an 
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iterative process until chemical potential difference calculated using Equations 2.6 and 2.13 are 
equal within the error tolerance.  
The present model incorporates this algorithm for the prediction of three-phase equilibrium for 
both simple and mixed hydrates.  An initial guess for the estimation of pressure is given by a 
simple experimental curve shown in Equation 2.19.     
                                                          ∑ 78 &  3H '                                         (2.19) 
where  is the mole fraction of guest component in vapor phase,  and  are constants 
determined from the experimental data.  
2.4.1 Determination of Langmuir Constants 
To accurately predict the equilibrium pressure, the calculation of Langmuir constants is 
important.  Bazant and Trout31 proposed that the spherically averaged intermolecular potential 
can be determined by the temperature-dependent Langmuir constant. The Langmuir constant 
values computed from experimental data (for hydrates that occupy only large cage) and ab initio 
data (for hydrates that occupy both cages) can be well fitted to van’t Hoff temperature 
dependence given by: 
                                                                 &'  @                                                     (2.20) 
where β=1/KT,  and m are specific for each guest component J and cavity type i.  
The two unknown parameters m and , known as cell potential parameters, are determined by 
regression of calculated Langmuir constants for a given guest over a wide range of temperatures. 
The cell potential parameters were determined from the simple hydrate experimental equilibrium 
data and are validated by predicting the phase equilibrium data of mixed hydrates without fitting 
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to the experimental data. Anderson et.al32 accurately predicted the structure transition in 
methane-ethane mixture at xCH4 =0.74. They also predicted a structure transition in methane-
cyclopropane mixture at conditions outside the structure II region of cyclopropane.   
In this work, the Langmuir constants are calculated using the cell potential parameters. Variable 
reference parameters based on the Holder11 model are used for each guest component and 
reference parameters for mixed hydrates are calculated as mole fraction scaled reference 
parameters from the pure component reference parameters and is given as: 
)V V[y [E[ y[y[  ∑ .E[ y[y[ E 8 {             (2.21) 
The algorithm for the prediction of the equilibrium curves using cell potential method illustrated 
in Figure 2.1 and is as follows 
1. Read the input parameters temperature and mole fraction of the guest components in 
vapor phase. 
2. Read pure component properties and reference parameters which are used in the 
Equations 2.6 and 2.13. 
3. Assume that the hydrate forms structure I. 
4. The Langmuir constants are calculated. 
5. The initial guess for pressure  is estimated using Equation 2.18. 
6.  Fugacity of each component is calculated using the Peng-Robinson equation. 
7. Activity coefficient of water is calculated from Henry’s law.  
8. Cage occupancies are calculated using Equation 2.11. 
9. Configurational chemical potential is calculated using Equation 2.12. 
10. Pressure,  is calculated by Holder et.al. Equation 2.13. 
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11. If   =  then  is the equilibrium pressure else the guess for  is adjusted and 
process is repeated from step 6.  
12. Assume structure II, and repeat the procedure for calculating the structure II equilibrium 
pressure,". 
13. If  < " then the hydrate forms structure I at an equilibrium pressure of  else it forms 
























Figure 2.1 Schematic of Computer Program for Calculating Equilibrium Pressure. 
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3 Estimation of Dissociation Pressure of CH4-C2H6 Hydrates Using 
Empirical Correlations 
3.1 Introduction 
In the following sections two new empirical relationships for the calculation of gas hydrate phase 
equilibria are described. The predictions obtained using these empirical relationships are 
compared to any available experimental data. The correlations are validated by predicting the 
structural transitions that are known to occur.  
For CH4 hydrate in many reservoir simulators including HydrateResSim
1, TOUGH+Hydrate2, 
MH-213, and CMG STARS4 the relationship between the equilibrium pressure and the 
equilibrium temperature is given by a regression equation developed by Kamath5 and 
parameterized by Moridis6 while STOMP-HYD7 simulator incorporates the tabulated data of 
phase equilibrium. Instead of tabulated data it would be simple to develop an expression for 
binary hydrates to implement in the reservoir simulators, the dissociation pressure will be a 
function of both temperature and gas phase composition.  
As discussed in chapter 2 there are three common techniques used to estimate the hydrate 
formation conditions  
1. Gas gravity method 
2. Kvsi-value Method 
3. Statistical Thermodynamics approach. 
The gas gravity method as discussed in chapter 2 is a simple method for estimating the hydrate 
formation conditions using the Katz gas gravity charts8. Though the method is simple it is not 
44 
 
accurate therefore it should be used only as a first estimate9. The Distribution Coefficient (Kvsi-
value) Method developed by Wilcox et al.10 and confirmed by Carson and Katz11 uses the Kvsi-
value charts or equation are used to estimate the hydrate forming conditions. The technique used 
in the calculation of the equilibrium conditions involves the calculation of Kvsi value such that the 
sum of mole fraction of each component in the vapor phase divided by the Kvsi value equals 
unity, at the three- phase equilibrium conditions.  
                                                            ∑ 23456378  1.0                                                         (3.1) 
The accuracy depends on the initial guess of the two pressures. If the pressures assumed are not 
within the range of the dissociation pressure then the predictions are not accurate. The method 
has many limitations hence a more accurate and simple method has to be developed for 
predicting the phase equilibria.  
The statistical thermodynamics approach first developed by van der Waals and Platteeuw12 is 
based on the criteria that at equilibrium the chemical potential of water in hydrate phase should 
be equal to the chemical potential of water in aqueous phase. This method involves a number of 
iterations in calculating the pressure such that the chemical potential of water in both phases is 
equal. This requires many of computational steps and can be time-consuming. In reservoir 
simulations, where there are large number of grid blocks, incorporation of statistical 
thermodynamics models takes a lot of time and steps for calculating the dissociation pressure of 
the gas hydrate in the reservoir. A method which is simple and fast as gas gravity and Kvsi 
methods and accurate as statistical thermodynamics approach has to be developed. Hence an 
empirical equation which can directly calculate the dissociation pressure at a particular 
temperature and gas phase composition is desired. 
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The dissociation pressure of hydrate can be correlated to the temperature and binary gas 
composition by an empirical correlation and the parameters in the correlation are obtained by 
linear regression analysis and non-linear regression analysis by fitting the data obtained from 
experimental data from Deaton and Frost13, McLeod and Campbell14 and Holder and Grigoriou15 
and data obtained using cell potential code developed by Anderson et al16. The parameters 
obtained are validated by predicting the experimental data accurately. 
3.2 Linear Regression Analysis: 
In this work, the effect of gas composition and temperature on the dissociation pressure of the CH4-
C2H6 mixed hydrate is analyzed consecutively i.e.; effect of gas composition is studied first 
followed by the effect of temperature using linear regression analysis in Microsoft Excel. 
The effect of the gas phase composition on the dissociation pressures is analyzed at different 
temperatures and a correlation is developed with respect to  gas vapor composition and the 
dissociation pressure by fitting the predicted phase equilibrium data obtained from the cell 
potential code16.  
                          £  y  ¤&o2'  ¥&o2'u  V  "  E,  ¦0                             (3.2) 
where the coefficients a-g are calculated for both structure I and structure II. 
The coefficients obtained in the above expression are function of temperature. A regression 
analysis is done for each parameter with respect to temperature and each coefficient is fit to a 
third degree polynomial in terms of temperature. For example, the parameter a is defined as 
                                         y  y  y  y" { "  y, { ,                                      (3.3) 
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Similarly all other parameters are defined in terms of temperature and the dissociation pressure is 
defined as in Equation 3.4. The parameter values obtained by the analysis are listed in Table 3.1. 
£   y
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                                                                                                                                                   (3.4) 
Table 3.1 Coefficients of Empirical Equation by Microsoft Excel Analysis for Structure I and 
Structure II. 

























































Note: All the figures are significant. 
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At a specified temperature and vapor gas composition, dissociation pressure for both structures is 
calculated and the least of the two values is taken as the dissociation pressure and the structure as 
stable structure. The expression predicted the dissociation pressure with an average absolute 
deviation (AAD) of 5.91% from the experimental data from Deaton and Frost13, McLeod and 
Campbell14 and Holder and Grigoriou15. The experimental and predicted values of dissociation 
pressures at experimental data points are tabulated in Table 3.4.  
The graph of the predicted pressure versus experimental pressure of the mixed hydrate of CH4-
C2H6 is shown in Figure 3.1. As evident from Figure 3.1 the predictions are not accurate at high 
pressures. The error from the experimental data is plotted against mole fraction of CH4 in vapor 
phase in Figure 3.2, where it can be seen that the error percentage varies from +30% to -70%.  
 





Figure 3.2 Dissociation Pressure Error Percentage vs. Mole fraction of CH4 in Vapor Phase for 
CH4-C2H6 Hydrate. 
The parameters of structure II expression do not predict the pressure well at mole fractions less 
than yCH4 = 0.58, the predictions of structure I and structure II at 274.2 K are shown in Figure 
3.3. Hence there is a need to develop a correlation with more accurate parameters that can predict 


































Figure 3.3 Pressure Predictions of CH4-C2H6 Mixed Hydrate for Structure I and Structure II 
Using Empirical Equation Obtained by Regression Analysis Using Microsoft Excel at 274.2 K. 
The Structure with Low Dissociation Pressure is considered as Stable Structure. 
 
3.3 Non- Linear Regression Analysis: 
The non-linear regression analysis is done to study the effect of temperature and gas composition 
on the dissociation pressure of CH4-C2H6 mixed hydrate simultaneously using SPSS package.  
The effects of gas composition and temperature are evaluated together where as in previous 
section the effects are evaluated successively. Non-linear regression analysis for multiple 
variables is performed on the data obtained from the experimental data weighted four times and 
the dissociation pressure data calculated using the cell potential code16 where the dissociation 
pressure is correlated to the temperature and the gas composition. The correlation obtained in the 
linear regression analysis using Microsoft Excel is used, and the results of the non-linear 
regression analysis for structure I and structure II are listed in Table 3.2 and Table 3.3 where the 
values of the coefficients are tabulated along with standard error within 95% confidence interval. 
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                                                                                                                                            (3.5)     
Table 3.2 Coefficients of Empirical Expression by SPSS analysis for Structure I 
Parameter Estimates 
Parameter Estimate Std. Error 
95% Confidence Interval 
















































































































































Table 3.3 Coefficients of Empirical Expression by SPSS analysis for Structure II 
Parameter Estimates 
Parameter Estimate Std. Error 
95% Confidence Interval 














































































































































The parameters values have to be used along with all significant numbers to predict the values 
accurately. The predictions along with experimental data are listed in Table 3.4.   
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Table 3.4 Experimental and Predicted Dissociation Pressures at Various Temperatures and Gas 



















1.6 283.9 18.1 19.02 19.12 5.08287 5.63536 
1.6 285.7 23.1 24.56 23.81 6.3203 3.07359 
1.6 286.6 27.1 28.03 26.33 3.43473 2.84133 
1.6 287.8 30.8 33.64 29.74 9.22077 3.44156 
4.7 279.4 9.9 10.55 10.61 6.56565 7.17172 
4.7 281.5 13.4 13.77 13.95 2.76119 4.10448 
4.7 283.3 17.1 17.43 17.51 1.92982 2.39766 
4.7 285.3 21.7 22.87 22.07 5.39170 1.70507 
4.7 286.4 25.1 26.69 24.72 6.33466 1.51395 
4.7 287.6 29.9 31.74 27.57 6.15384 7.79264 
17.7 281.6 14.2 14.46 14.59 1.83098 2.74648 
17.7 283.3 17.7 17.82 18.01 0.67796 1.75141 
17.7 284.8 21.4 21.5 21.46 0.46729 0.28037 
17.7 286.2 26.6 25.73 24.92 3.27067 6.31579 
17.7 287 30 28.56 26.93 4.80 10.23333 
56.4 274.8 9.45 8.12 9.26 14.07407 2.01058 
56.4 277.6 12.89 11.49 12.48 10.86113 3.18076 
56.4 280.4 17.58 16.25 17.32 7.54542 1.47895 
56.4 283.2 24.34 22.52 23.91 7.47740 1.76664 
90.4 274.8 15.24 15.98 16.59 4.85564 8.85827 
90.4 277.6 20.96 21.64 22.58 3.24428 7.72901 
90.4 280.4 28.89 29.42 31.24 1.83455 8.13430 
90.4 283.2 39.65 40.31 42.49 1.66457 7.16267 
95 274.8 18.41 20.11 22.89 9.23411 24.33460 
95 277.6 25.3 27.22 30.89 7.58893 22.09486 
95 280.4 34.47 37.12 42.08 7.68785 22.07717 
95 283.2 47.71 51.001 57.05 6.89793 19.57661 
97.1 274.8 21.58 25.02 35.98 15.94069 66.72845 
97.1 280.4 40.34 45.85 46.09 13.65890 14.25384 
97.8 274.8 23.65 26.98 26.94 14.08034 13.91121 
97.8 280.4 44.13 47.39 47.59 7.38727 7.84047 
97.8 283.2 60.88 63.62 64.31 4.50066 5.63403 
98.8 274.8 28.61 28.49 28.43 0.41943 0.62915 
98.8 277.6 38.06 37.52 37.03 1.41881 2.70625 








The non-linear regression expression predicted the pressures with an AAD of 8.98% from the 
experimental data from Deaton and Frost13, McLeod and Campbell14 and Holder and Grigoriou1, 
where as the cell potential code developed by Anderson et al.16 predicted with an AAD% of 
5.96% and the CSMGEM developed by Sloan et al.9 with an AAD% of 6.58%. The predicted 
pressure by the correlation and the cell potential code is plotted against experimental pressure of 
the mixed hydrate of CH4-C2H6 as shown in Figure 3.4 the predictions are close to the 
predictions of cell potential code. Figure 3.5 is the deviation from the experimental data with 
respect to the mole fraction of CH4 in vapor phase. 
 





Figure 3.5 Dissociation Pressure Error Percentage vs Mole fraction of CH4 in Vapor Phase for 
CH4-C2H6 Hydrate . 
 
It has been found experimentally that the CH4-C2H6 mixed hydrate undergoes a structural 
transition from structure I to structure II at a methane mole fraction between 0.72- 0.75 in vapor 
phase at 274.2 K and the structure reverts from structure II to structure I at 0.992-0.994 mole 
fraction of methane17-18, the expression predicts the structural transition from structure I to 
structure II at 0.72-0.73 mole fraction of CH4 in vapor phase at 274.2 K, while that from 




Figure 3.6 Pressure Predictions of CH4-C2H6 Mixed Hydrate for Structure I and Structure II 
Using Expression Obtained by Non-linear Regression Analysis Using SPSS at 274.2 K. The 
Structure with Low Dissociation Pressure is Considered as Stable Structure. 
 
3.4 Conclusions 
The empirical expressions derived in this work and described in this chapter can be used in 
reservoir simulations for estimating the dissociation pressures of the gas hydrates.  The 
parameters for the empirical expression were determined for CH4-C2H6 hydrate by linear 
regression analysis using Microsoft Excel and by a non-linear regression analysis using SPSS. 
Dissociation pressures are calculated and compared with any available experimental data. The 
expression obtained by linear regression analysis though predicted the experimental data well, it 
could not predict the pressures for structure II for CH4 vapor phase composition less than xCH4 = 
0.58. The expression obtained by the non-linear regression analysis predicted the pressure with 
an AAD of 8.98% and structural transitions are predicted to occur at 0.72-0.73 mole fraction of 
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methane in vapor phase at 274.2 K. This is in agreement with the experimental data and the 
upper transition at 0.95-0.96 mole fraction of methane which implies a trace amount of ethane is 
sufficient for transition of structure from structure II to structure I. The equations could be 
implemented into the reservoir simulators allowing for the calculation of dissociation pressures 
at various reservoir temperatures and gas phase compositions for both the structures. The stable 
structure is determined as the structure with lowest dissociation pressure. The estimation of 
pressures is quite simple and fast, though the predictions are not accurate they can be used as a 
first estimate. The correlations could not predict the cage occupancies and hydrate phase 
compositions, which is important to estimate the amount of gas is stored in the hydrate. In 
statistical thermodynamics approach pressure is calculated by an iterative process, which 
requires lot of computational steps and time but the algorithm can predict the cage occupancies 
and hydrate phase composition along with the dissociation pressure. Hence for an easy and fast 
estimation of the dissociation pressure in the reservoir simulations the empirical equation can be 
used but for an accurate prediction and for hydrate phase composition the empirical correlation is 
not a solution. Therefore, there is a need to develop a method which is more accurate and can be 
implemented in to the reservoir simulators. van der Waals model with Langmuir constants being 
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4 Phase Equilibrium Predictions of Gas Hydrates Using Cell Potential Code 
4.1 Introduction 
In spite of the large experimental data1 base of clathrate phase behavior, the theory of clathrate 
phase behavior is not well developed and still depends on ad hoc fitting of the experimental data.  
However the fitting procedures cannot produce accurate results outside the range of fitting. The 
reference parameters used in these methods while fitting the intermolecular potential parameters 
to the experimental data1, 2 obtained by numerically fitting procedures differs from the values 
determined experimentally3 or computationally4 and they are also needed to be adjusted2 to 
predict the phase equilibrium and structural transitions.  
Recently, Bazant and Trout5 proposed that the spherically averaged intermolecular potential can 
be determined by the temperature dependent Langmuir constant.  The cell potential parameters 
are determined directly from the experimental equilibrium data by analytically solving the 
integral equation based on van der Waals and Platteeuw6 statistical thermodynamics model.  
                                                               &'  4¨ L @&R'∞ ["V[                               (4.1) 
where  β 1/B, k = Boltzmann constant and T = Temperature (K). 
The Langmuir constant values computed from experimental data (for hydrates that occupy only 
large cage) and ab initio data (for hydrates that occupy both cages) can be well fitted to van’t 
Hoff temperature dependence given by: 
                                                                               &'  @                                         (4.2) 
where  and m are specific for each guest component J and cavity type i 
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Combining Equations 4.1 and 4.2 yields an integral equation of the form 
                                                                  @  4¨ L @&R'« ["V[                           (4.3) 
There are infinite numbers of solutions to the above integral equation, all but one central-well 
solution are aphysical with discontinuities and cusps in the potentials. Hence the central-well 
solution to Equation 4.3 is selected to represent van’t Hoff temperature dependence given in 
Equation 4.2. 
                                                              D&'   &'&Rr'@                                           (4.4) 
where 
                                                                     &'    L @2« ¦&'V                                  (4.5) 
and g(y) is the inverse Laplace transform of the function given by 
                                                               !&'   ¬&@'@  l&@'bar@u                                              (4.6) 
which leads to the general expression for the central-well potential w(r) as: 
                                                              ­&['  ­  ¦ P0, ¨[,U                                          (4.7) 
For the perfect van’t Hoff behavior,  &' and !&' are given as: 
                                                                   &'   ⁄                                                  




The inverse Laplace transforms for these functions are given as 
                                                              E&'  #&'  
                                                             ¦&'  #&'                                                         (4.9) 
where #&' is the Heaviside step function. Thus, the unique central-well solution for Equation 
4.3 is: 
                                                   ­&['  0]R¯,lr A                             E[  [ ° 0                        (4.10) 
The Langmuir constant values are well fitted to van’t Hoff temperature dependence linear plot 
defined as: 
                                                                 log     log                                                (4.11) 
where the slope of van’t Hoff  plot, m equals the well depth, -w(0), and the y-intercept, log  is 
related to the well size measured as volume of negative energy,  with corresponding 
spherical radius given as: 
                                                                        [  P,lr0] U/,                                               (4.12) 
Finally, the cell potential is simplified as: 
                                               ­&['   sP RR6U
, A 1v                             E[  [ ° 0                  (4.13)      
The two unknown parameters m and  known as cell potential parameters are determined by 
regression of calculated Langmuir constants for a given guest over a wide range of temperatures.   
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4.1.1 Langmuir Constants 
Langmuir constants can be calculated from the experimental phase equilibrium data for the 
simple gas hydrates that occupy only one type of cages, like ethane, cyclopropane, propane and 
isobutane which occupies only the large cage of the hydrate structure.  For the hydrates which 
occupy both the cages, Langmuir constants can be calculated using ab initio potentials such as 
those developed by Cao et al.7 and Anderson et al.8  
For Single Occupancy Hydrates: 
The van der Waals and Platteeuw6 equation for the chemical potential difference between water 
in empty hydrate lattice and the hydrate phase is given by 
                                                   ∆μ@<&, '  B ∑ C ln &1  DED'                             (4.14) 
For single occupancy in large cage the above equation reduces to 
for structure I :          
 ∆`abcd&H,e'KH  ,", lnf1  D"EDg                                                             (4.15) 
for structure II:           ∆`abcd&H,e'KH  h lnf1  D"EDg                                                             (4.16) 
The Langmuir constants are obtained by solving for the D" values in Equations 4.15 and 4.16, 
and using the fact that at equilibrium  ∆μ@<&, '  ∆μ@>,?&, '  
Therefore, 
for structure I :           D"  ³´µPu¯̄∆¶abcp,q/KHUm·G                                                              (4.17) 
for structure II:            D"  ³´µP^¸̂∆¶abcp,q/KHUm·G                                                             (4.18) 
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where E·D is calculated using Peng-Robinson9 equation of state and ∆¹ @>,? using equation 
proposed by Holder et al.10 
       
∆`abcp,q&H,e'4H   ∆`abcp,q&Hr,'4H A L s∆tabcp,q&H'4Hu ve V HHr   L s∆wa
bcp,q
4H vHex V A ln y>          (4.19) 
For Hydrates Occupying Both Cages: 
The ab initio potential method is used to calculate the Langmuir constants for hydrates that 
occupy both large and small cages at various temperatures by integrating the full 6-dimensional 
configurational integral over 5 hydrate shells. This method not only allows calculating the 
Langmuir constants of the stable structure but also for the unstable structure. Using this method 
Langmuir constants are calculated for methane and argon by Anderson et al.8 and for carbon 
dioxide by Velaga and Anderson11 for both structures. 
4.2 Reference Parameters 
The reference chemical potential difference ∆μ  and reference enthalpy difference ∆  are 
essential input parameters for calculating phase equilibrium data using statistical 
thermodynamics model.  Several methods, both experimental and empirical are adopted in past 
to determine the reference parameters. Holder et al.10 developed an empirical correlation method 
to calculate the reference chemical potential difference, ∆¹ and reference enthalpy 
difference, ∆ and they calculated the reference parameters for structure I hydrate using the 
cyclopropane data of Dharmawardhana et al.12 The values given by earlier researchers for 
structure I and structure II are tabulated in Table 2.1. Later Hwang et al.13 by molecular dynamic 
simulations on unit cell of gas hydrates with different guest molecules proposed that the guest 
molecules have impact on host-host interactions in the lattice hence the reference parameters 
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should vary with the guest molecule. Reference parameters for methane for structure I and for 
argon for structure II were developed by Anderson et al.4 and for carbon dioxide for structure I 
are determined by Velaga and Anderson.11 The values are tabulated in Table 4.1. 
Table 4.1 Reference Parameter Values Determined by Ab Initio Intermolecular Potentials 
Component Structure ∆¹ J/mol ∆ J/mol 
Methane Structure I 1203±3 1179±19 
Argon Structure II 1077±5 1294±11 
Carbon dioxide Structure I 1204±3 1190±12 
 
Zele et al.14 developed an empirical correlation between reference chemical potential and the 
cavity radius given by            
                                                                  .     { ∆μ                                            (4.20) 
where R is the radius in Å and ∆µ   is in cal/mol. A and B are constants for three water shells for 
each type of cavity. Lee and Holder15 developed correlation equations for ∆μ  (cal/mol) and the 
Kihara hard-core parameter, a (pm), for structure I and structure II: 
for Structure I ∆μ  133.39 &0.0213 { y',         ."  0.9058 
for Structure II ∆μ  171.91 &0.0101 { y',         ."  0.8810                                 (4.21) 
The Kihara parameters are obtained by fitting to the viscosity or second virial coefficient data. 
The values obtained by Holder 15 using these correlations for CH4, CO2 in structure I hydrate are 
1083 J/mol and 2265 J/mol respectively and for Ar in structure II hydrate is 1037 J/mol which 
are not in agreement with the experimentally determined values of CH4 hydrate 1203 J/mol by 
Anderson et al.8, CO2 hydrate by Velaga and Anderson
11 1204 J/mol and Ar hydrate 1077 J/mol 
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by Anderson et al.8 Therefore, a new correlation has to be determined in order to calculate the 
reference parameters more accurately. 
 In this work an empirical correlation is developed directly between the reference parameters and 
the molecular diameter of the guest molecules using linear regression analysis and the values are 
validated by predicting the phase equilibrium data of simple hydrates. 
for Structure I                 ∆μ  1197.279187 & 0.0010933  V»' 
                                          ∆  1061.588965 & 0.022302  V»'                                (4.22)                                                     
for Structure II                 ∆μ  1007.394579& 0.0175821  V»' 
                                        ∆   1179.046815& 0.0244821  V»'                                (4.23) 
where V» is the molecular diameter of the guest molecule (Å), ∆μ  and ∆  are reference 
chemical potential and enthalpy difference respectively (J/mol). 
The reference parameters are calculated for different guest molecules using the above empirical 
equations and the parameters are validated by reproducing the phase equilibrium data of simple 
gas hydrates using the cell potential method. The phase equilibrium conditions for mixed 
hydrates are calculated without adjusting any parameters. The reference parameters for mixed 
hydrates are calculated from the pure component parameters by using mixing rules 
∆μ,½  ∑ ∆μ,8 {   
                                                       ∆,½  ∑ ∆,8 {                                               (4.24) 
where    gas phase composition of i component and N is the no. of guest components. 
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An entropy correction term is added to the mixture reference chemical potential difference is 
given by  
                ∆μ,¥xRR¥¾x7  ∑ ∑ |J88 ∆μ, A ∆μ,J | { À { ÀJ { ¥xRR¥¾x7                  (4.25) 
where À is the hydrate phase composition of i component and ¥xRR¥¾x7 is the entropy 
correction factor which accounts for the difference in the reference chemical potential values of 
the guest components and is taken as 86 for structure I hydrate and 4 for structure II hydrate. 
4.3 Prediction of Phase Equilibrium Data of Gas Hydrates 
In order to predict the phase equilibrium conditions for simple and mixed hydrates at any given 
temperature and gas composition, the algorithm discussed in Section 2.2 is used in an iterative 
manner to obtain the converged pressures that satisfies the van der Waals and Platteeuw6 model. 
The reference parameters are assumed to vary with the guest molecule, the Langmuir constants 
are calculated using cell potential parameters and the fugacity is determined by Peng-Robinson9 
equation of state. The values of thermodynamic reference properties used in the algorithm are 
listed in Table 2.2. The schematic flow sheet for the predicting the equilibrium pressure at a 




4.3.1 Phase Equilibrium Predictions of Simple Gas Hydrates 
The phase equilibrium data is predicted using cell potential code and the average absolute 
deviation (AAD) is calculated using the formula given by 
                                           AAD % = 100 {  ∑ |eÁÂÃeÃÄÁÅ|eÁÂÃ                                            (4.26) 
where N= no. of data points. 
The predictive ability of the cell potential method can be verified against experimental structural 
transitions that are known to occur. For example, cyclopropane undergoes a structure transition 
as a function of temperature, it forms structure II hydrate at temperatures between 257.1 and 
274.6 K16 and structure I otherwise. Using this method, the transitions are predicted to occur at 
256.4 and 274.6 K respectively as shown in Figure 4.1.  
 




Average absolute deviations are calculated for various simple hydrates and are compared with 
those calculations of CSMGEM1 a widely used code available from the Text “Clathrate Hydrates 
of natural Gases.” These are given in Figure 4.2.  Phase equilibrium calculations of cyclopropane 
cannot be calculated using the CSMGEM1 software.  
 
 
Figure 4.2 Comparison of Average Absolute Deviations from Experimental Data for Simple 
Hydrates Predicted by This Model and CSMGEM Software. 
 
The average absolute difference is more for this model when compared to that of CSMGEM, 
mainly because of the equation of state used to calculate the fugacity, Peng-Robinson9 equation 
could not calculate the fugacities accurately for high pressures, but the occupancies predicted by 
this model are more realistic when compared to that of CSMGEM1. For example, CSMGEM1 
predicted the phase equilibrium of carbon dioxide hydrate accurately but it over estimates the 
small cage occupancies. The cage occupancy for carbon dioxide hydrate using the experimental 
68 
 
techniques reported that the large cage is almost fully occupied, but there is a large inconsistency 
about the small cage occupancy17-19. Because of the relative sizes of the carbon dioxide and small 
cage, it was assumed that the small cage is unoccupied. Ripmeester and Ratcliffe19 used solid 
state NMR and found that the carbon dioxide indeed occupies the small cage and they measure 
the occupancy ratio from the spectra \ \>⁄   as 0.32, giving a lower limit to the hydration number 
(no. of water molecules per guest molecule) for CO2 hydrate of 7.0. CSMGEM predicts 
occupancy between 45 to 70% in small cages and 96 to 98% in large cages while this work 
predicts around 20 to 35% in small cages and 98 to 99% in large cages for temperatures ranging 
151.5 to 283.3 K which are in agreement with the experimental data point given by Ripmeester 
and Ratcliffe. The hydration numbers predicted by this method and CSMGEM at various 
temperatures are plotted in Figure 4.3, the values predicted by this method are above the lower 
limit given by Ripmeester and Ratcliffe19 while the values obtained from CSMGEM are below 
the reference point. 
 
Figure 4.3 Hydration Number for CO2 Hydrate Obtained by This Method and CSMGEM. 
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4.3.2 Phase Equilibrium Predictions of Binary Gas Hydrates 
Natural gas hydrates can be formed either from the methane produced by bacterial activity at 
shallow depths1, 20-21 or by the thermal pyrolysis of fossil organic matter which contains methane 
as well as significant amounts of other higher hydrocarbons (C2-C5) and other non-hydrocarbon 
gases22. To understand the production of CH4 from the hydrate it is important to accurately 
predict the phase equilibrium of the mixed hydrates. In this work, the phase equilibria of many 
different binary mixed hydrates such as CH4-C2H6, CH4-CO2, CH4-N2 and N2-CO2 have been 
predicted so as to assess the production of the CH4 from natural gas hydrate reservoirs formed by 
thermogenic gases for example the hydrates found in Gulf of Mexico consists of large crystal 
forms of hydrate which can contain methane and other hydrocarbons23 and to understand the 
swapping of CH4 in hydrate reservoirs by CO2 and CO2-N2 gases. 
4.3.2.1 CH4-C2H6 Mixed Hydrate 
The phase equilibria of the binary hydrate CH4-C2H6 are predicted using this method, the three-
dimensional phase diagram is shown in Figure 4.4 and the predictions are tabulated and 




Figure 4.4 The Three-dimensional P-T-y Phase Diagram of Methane-Ethane (CH4-C2H6) 
Hydrate System. 
Table 4.2 Phase Equilibrium Predictions of CH4-C2H6 Hydrate System by This Model and 
CSMGEM. 
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Interestingly, both CH4, and C2H6 form a structure I hydrate when the gas phase contains only 
one component but the CH4-C2H6 mixed hydrate forms structure II at various gas mixture 
compositions. The mixed gas hydrate undergoes a transition from structure I to structure II at a 
methane gas phase mole fraction between 0.72 and 0.75 and the upper transition from structure II 
to structure I occurs at methane gas phase mole fraction between 0.992(±0.005)-0.994(±0.007) 
at 274.2 K27-28. In this work the structural transitions from structure I to structure II at 0.72 and 
from structure II to structure I at 0.98 at 274.2 K. The structural transitions are shown in Figure 
4.5. The predicted values are not so accurate, this may be due to the values of reference 
parameters of both components in structure II.  
 
Figure 4.5 Methane-Ethane (CH4-C2H6) Structural Transition Predictions at 274.2 K. Vertical 




4.3.2.2 CH4-CO2 Mixed Hydrate 
A new proposed method of production of CH4 from the natural gas hydrate is by injection of 
CO2 into reservoir. CO2 sequestration in natural-gas-hydrate reservoirs by replacing the CH4 is 
potentially attractive as it serves the dual purpose of long-term storage of a greenhouse gas (CO2) 
and the production of natural gas (CH4).  Lee et al.
29 verified that the amount of CH4 that could 
be recovered from the structure I CH4 hydrate using CO2 could reach 64% of the hydrate 
composition. In order to understand the replacement process it is essential to know the phase 
equilibrium conditions of the CH4-CO2 binary hydrate. Both CH4 and CO2 form structure I 
hydrate and the mixture of CH4-CO2 hydrate also forms structure I hydrate. CO2 prefers to 
occupy large cages over small cages of structure I because of its molecular diameter being 
almost equal to the diameter of the small cage. The phase equilibria of CH4-CO2 hydrate are 
predicted and verified using the already existing experimental data30-31.  Figure 4.6 represents the 
three-dimensional phase equilibrium diagram. The occupancies obtained are more realistic, and 
the occupancy data have been sent to PNNL and are currently incorporated into STOMP–HYD32 
simulator. The predictions are compared to CSMGEM1 data along with experimental data30-31 in 
Table 4.3. The dissociation pressure error is calculated and is plotted against the mole fraction of 
CH4 in gas phase in Figure 4.7. The AAD for the cell potential method is 2.04% compared to 




Figure 4.6 The Three-dimensional P-T-y Phase Diagram of Methane-Carbon dioxide (CH4-CO2) 
Hydrate System.  
 
Table 4.3 Phase Equilibrium Predictions of CH4-CO2 Hydrate System by This Model and 
CSMGEM. 
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Figure 4.7 Methane-Carbon dioxide (CH4-CO2) Dissociation Pressure Error vs. Mole Fraction of 
CH4 in Gas Phase. 
 
4.3.2.3 CH4-N2 Mixed Hydrate 
CH4 as a simple hydrate forms structure I hydrate while N2 form structure II hydrate, therefore 
the structure of mixed gas hydrate of CH4 and N2 depends on their relative gas composition. The 
CH4-N2 binary gas hydrate undergoes a structure transition from structure I to structure II by the 
addition of N2 to the pure CH4 gas hydrate. The NMR and XRD studies on the mixed hydrate by 
Lee et al33 found that the structural change occurs in the range between 0.2524 and 0.2851 mole 
fraction of CH4 in gas phase at various temperatures (in the range from 273.3  to 285 K). They 
also studied the three-phase equilibrium data at different gas compositions and temperature. The 
phase equilibrium data and the structural transitions are predicted using cell potential method and 
the three-dimensional phase diagram is given in Figure 4.8. The predictions are tabulated and 
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compared with CSMGEM and experimental data in Table 4.4. The structural transitions at 
various temperatures are shown in Figure 4.9 and it is found that the structural transitions occurs 
in the range between 0.24 and 0.3 mole fraction of CH4 in gas phase at temperature range from 
273 to 282 K which are in agreement with  experimental data points33. 
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Table 4.4 Phase Equilibrium Predictions of CH4-N2 Hydrate System by This Model and 
CSMGEM. 
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Figure 4.9 Methane-Nitrogen (CH4-N2) Structural Transitions Predictions. The Curves 
Represent the Phase Equilibria Predictions at Various Temperatures and Vertical Line Indicate 
the Structural Transition Boundary. 
 
4.3.2.4 N2-CO2 Mixed Hydrate 
As simple gas hydrates CO2 and N2 form structure I and structure II respectively. The structure 
of mixed hydrate can be either structure I or structure II depending on the relative ratio of the 
two different guest molecules occupied in the small and large cages. The treated flue gases are 
binary mixtures of CO2 and N2, Kang et al
36 developed a hydrate based gas separation process 
for recovering CO2 from flue gas using mixed hydrate formation of N2 and CO2. It is important 
to know the three phase equilibrium conditions of the mixed hydrate N2-CO2 for understanding 
the separation process. Seo and Lee37 found that the mixed N2-CO2 forms structure I at all 
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compositions above 0.03 mole fraction of CO2 in the vapor phase with large cages being 
occupied by CO2 and small cages by N2. The structural changes are predicted for CO2 and N2 
mixed hydrate in the temperature range of 276-282 K. Figure 4.10 represents the structural 
changes of mixed hydrates at various temperatures from which it is clear that the structural 
transition from structure II to structure I occurs at a mole fraction of CO2 less than 0.1 in gas 
phase.  
 
Figure 4.10 Nitrogen-carbon dioxide (N2-CO2) Structural Transition Predictions. The Curve 
Represent the Phase Equilibria at Various Temperatures and Vertical Line Represent the 
Structural Transition Boundary.  
 
The structural transitions are predicted to occur at low concentration of CO2 in gas phase, which 
implies that even at low concentration of CO2 in gas phase the hydrate cages are relatively more 
occupied by CO2 resulting in formation of structure I hydrate with high concentration of CO2 in 
hydrate phase37. Hence the treated power plant flue gas which contains N2+CO2 in the ratio of 
80:20 will form structure I. The phase equilibrium calculations are predicted, and the values are 
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compared with CSMGEM and experimental values in Table 4.5 and Figure 4.11 represents the 
three-dimensional phase diagram. N2 dissociation pressures are relatively high when compare to 
that of the CO2, the mixed hydrate forms structure I even at low composition of CO2, the peak 
observed may be due to transition from structure I to structure II and rise in the dissociation 
pressure. 
 





Table 4.5 Phase Equilibrium Predictions of N2-CO2 Hydrate System by This Model and 
CSMGEM. 
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The mole fractions of CO2 in hydrate phase predicted are plotted against the mole fractions of 
CO2 in gas phase for the experimental data points and are found that even at the low 
concentration of CO2 in vapor phase the mole fraction of CO2 in the hydrate is more than 0.5 as 
shown in Figure 4.12. The points represent the predictions at experimental data points and the 
lines represent the predictions at 273 K, 277 K and 280 K. 
 
Figure 4.12 Mole fraction of CO2 in Hydrate Phase vs Vapor Phase for Nitrogen-Carbon dioxide 
(N2-CO2) Mixed Hydrate. 
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The average absolute deviations (AAD) of the various mixed hydrates predicted by this model 
and by CSMGEM for the binary hydrates are shown in Figure 4.13. The AAD for CH4 and C2H6 
as simple hydrates is 3.5% and 3.85% respectively but for the mixed hydrate it is 9.3%. This may 
be as simple hydrates both form structure I hydrate, and as mixed hydrate it forms structure II at 
various gas composition, the reference parameters of both components in structure II have to be 
verified.  Therefore, the correlation found for the reference thermodynamic parameters ∆μ  and 
∆  with respect to the size of the guest molecule should be validated by comparing with 
experimentally-determined reference thermodynamic parameters. 
 
Figure 4.13 Comparison of Average Absolute Deviations from Experimental Data for Mixed 




4.3.3 Phase Equilibrium of CH4-N2-CO2 Mixed Hydrate 
Recent experimental studies by Park et al.41 have shown that the fraction of recovered methane 
can be improved to 85% by using a mixture of N2 and CO2 when compared with the 64% 
obtained by pure CO2. The size of the CO2 molecule is almost equal to that of the size of small 
cage of structure I, hence it cannot replace the CH4 molecule from small cages, it preferentially 
replaces the CH4 from the large cages of CH4 hydrate while N2 being relatively small molecule, 
prefers to occupy small cages over large cages it can therefore replace the CH4 molecules from 
the small cages of the CH4 hydrate. The direct use of the N2+CO2 mixture could potentially 
eliminate the CO2 purification process. Hence, treated power plant flue gases (N2+CO2) which 
forms structure I hydrate can be directly used for replacement process. This could serve the dual 
purpose of sequestrating CO2 as well as CH4 recovery from the hydrates and is anticipated to 
provide required background for developing an economically feasible large-scale process41 and it 
also enables the reservoir to be stable even after recovery of CH4 as it forms same crystalline 
structure after replacement process. The phase equilibrium conditions of CH4-N2-CO2 hydrate 
has to be studied in order to understand the replacement process. The phase equilibria of the 
ternary hydrate are predicted and the predictions await experimental confirmation. Figure 4.14 
represents the phase equilibria predictions of the ternary mixture at 274.15 K. Ternary plots of 
equilibrium gas mixture compositions both in gas and hydrate phase are presented at constant 
temperature, 274.15 K for varying pressures and at constant pressure, 35 bar for varying 
temperatures through Figure 4.15 to Figure 4.18.  The values 274.15 K and 35 bar are 
experimental conditions of Park et al41. The points on the plots represent the predictions obtained 
by the cell potential model. At constant temperatures as the pressure increases the phase 
equilibrium curve shifts upwards but at constant pressure the phase equilibrium curve shifts 
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upwards with decrease in the temperature which is quite predictable since hydrates are more 
stable at low temperatures and high pressures.  
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Figure 4.15 Ternary Plot of Gas Phase Compositions of Methane-Nitrogen-Carbon Dioxide 
(CH4-N2-CO2) Hydrate at 274.15 K. 
 
Figure 4.16 Ternary Plot of Hydrate Phase Compositions of Methane-Nitrogen-Carbon Dioxide 
(CH4-N2-CO2) Hydrate at 274.15 K. 
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Figure 4.17 Ternary Plot of Gas Phase Compositions of Methane-Nitrogen-Carbon Dioxide 
(CH4-N2-CO2) Hydrate at 35 Bar. 
 
Figure 4.18 Ternary Plot of Hydrate Phase Compositions of Methane-Nitrogen-Carbon Dioxide 
(CH4-N2-CO2) Hydrate at 35 Bar. 
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In this work, a correlation between the reference parameters and the guest molecule size was 
developed. The cell potential code developed by Anderson et al.8 is modified for variable 
reference chemical potential difference and reference enthalpy difference. The model is validated 
by predicting the experimental structural transitions that are known to occur, such as 
cyclopropane. The phase equilibria of simple hydrates are predicted and compared with the 
predictions of CSMGEM1. The occupancies obtained are more realistic when compared to that of 
CSMGEM1 which is verified by the prediction of cage occupancies of CO2 within the range 
given by experimental data point given by Ripmeester and Ratcliffe19. Along with the 
equilibrium pressure predictions, the ability of this method to predict the occupancies accurately 
is the rigid test for the reliability of the method. 
The cell potential code developed has validated its effectiveness and applicability to mixed 
hydrate systems by predicting the phase equilibria and structural transitions of the binary 
hydrates without any adjustable parameters. The three-dimensional (P-T-y) phase diagrams are 
predicted for CH4-C2H6, CH4-CO2, CH4-N2 and N2-CO2 binary hydrates and are compared with 
the data obtained using CSMGEM1. Structural transitions of CH4-C2H6, CH4-N2 and N2-CO2 are 
calculated using this model and are validated by the experimental structure transition points. The 
CH4-CO2 mixed hydrate phase equilibria is determined in order to understand the replacement 
process of CH4 by CO2 in natural gas hydrates for production of CH4 from natural gas while 
sequestering CO2 simultaneously. The occupancy data of CH4-CO2 mixed hydrate obtained by 




The fraction of methane recovered from natural gas hydrates by injecting pure CO2 was found to 
be increased by using N2 + CO2 binary mixture. In order to understand the replacement process, 
the phase equilibria of the ternary mixture at 274.15 K is predicted and await the experimental 
confirmation. Ternary phase diagrams for methane, nitrogen and carbon dioxide at constant 
temperature for varying dissociation pressures and at constant dissociation pressure for varying 
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5 Overall Conclusions and Recommendations 
5.1 Conclusions 
The overall goal of this thesis was to develop a computationally-tractable model for predicting 
mixed hydrate phase equilibria that can be implemented into the existing reservoir simulators 
and to predict the structural transitions that occur in gas hydrates.  An empirical correlation of 
dissociation pressure with respect to temperature and gas phase composition was developed for 
methane and ethane binary hydrate for structure I and structure II. In the existing statistical 
thermodynamics model the reference parameters of the empty hydrate lattice are functions of the 
guest molecule size, therefore a correlation of the reference parameters with the guest size was 
developed for both structure I and structure II. The cell potential code developed by Anderson et 
al. was modified for the variable reference chemical potential difference and reference enthalpy 
difference. The model was validated by reproducing the phase equilibria of simple hydrates. The 
phase equilibria of the mixed hydrates were predicted without fitting to the experimental data.  
The structural transitions of the simple hydrates with temperature and in mixed hydrates with 
respect to their relative gas composition are predicted accurately using this model.  
In particular we conclude that: 
1. The empirical correlation of dissociation pressure with respect to temperature and gas 
phase composition for binary gas hydrates was determined and the parameters are 
determined using linear and non-linear regression analysis. 
2. Reference chemical potential difference ∆μ  and reference enthalpy difference ∆  of 




3. The predictive ability of the cell potential method was verified against experimental 
structural transitions that are known to occur. For example, it was predicted that 
cyclopropane forms structure II in the temperature range 256.4 and 274.6 K which is in 
agreement with the experimental values 257.1 and 274.6 K. 
4. The average absolute deviation of predictions from the experimental data by this method 
was calculated and compared with CSMGEM.  The occupancies obtained from this 
method are more accurate. For example, CO2 occupancies are predicted around 20 to 
35% in small cages and 98 to 99% in large cages for temperatures ranging 151.5 to 283.3 
K which are in agreement with the experimental data point obtained by Ripmeester and 
Ratcliffe.  
5. The cell potential method developed has validated its ability to successfully predict 
mixed hydrate systems without any adjustable parameters and fitting to the experimental 
data. The structural transitions in mixed hydrate systems are also predicted accurately. 
6. The three-dimensional (P-T-y) phase diagrams are plotted for CH4-C2H6, CH4-CO2, CH4-
N2 and N2-CO2 binary hydrates using cell potential method. 
7. The structure I to structure II transition for CH4-C2H6 system was  predicted to occur at 
0.72 mole fraction of CH4 and it reverts from structure II to structure I at 0.98 mole 
fraction of CH4 at 274.2 K within the experimental range calculated to be 0.72-0.75 mole 
fraction of CH4 and 0.992(±0.005)-0.994(±0.007)  mole fraction of CH4. 
8. The phase equilibria conditions of CH4-CO2 mixed hydrates are studied to understand the 
replacement process of CH4 by CO2. It is observed that most of the large cages are 
occupied by CO2 while small cages are occupied by CH4 molecules.  
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9. The structure transitions in nitrogen mixed hydrate systems are predicted accurately, N2-
CH4 are predicted to undergo a structure transition from structure II to structure I at 0.24 
and 0.3 mole fraction of CH4 in the temperature range 273 to 282 K within the 
experimental data measured to be 0.2524 and 0.2851 mole fraction of CH4. N2-CO2 mixed 
hydrate, the structural transition from structure II to structure I was predicted to occur at a 
mole fraction of carbon dioxide in gas phase is less than 0.1.  
10. The phase equilibria of ternary mixed hydrate (CH4-N2-CO2) are predicted at 274.15 K 
and the predictions await experimental confirmation. Ternary plots of equilibrium gas 
compositions are presented at constant temperature for varying pressures and at constant 
pressure for varying temperatures. 
5.2 Recommendations 
1. The correlation found for the reference thermodynamic parameters ∆μ  and ∆  with 
respect to the size of the guest molecule should be validated by comparing with 
experimentally-determined reference thermodynamic parameters for some guest 
molecules calculated by site-site ab initio potentials. 
2. The Peng-Robinson equation of state was used in this work to model fluid fugacity, it 
could accurately model fluid fugacity at low pressures; but, at high pressures the Peng-
Robinson EOS fails to predict fluid fugacity accurately i.e., it could predict accurately in 
the Lw-H-V region but fail to predict in Lw-H-Lhc. Hence there is a necessity to 
incorporate a new equation of state into the cell potential code which can model fluid 
fugacity accurately in wide range of pressures. 
3. Natural gas hydrate formed by thermal pyrolysis of fossil organic matter contains 
methane, ethane and other significant amount of higher hydrocarbons (C3-C5). Therefore 
97 
 
there is need to understand the phase equilibria of multi component gas hydrates like 
methane-ethane- propane, methane-ethane-propane- butane etc. 
4. To understand the replacement process of CH4 from CH4 hydrate using N2+CO2 mixture 
using this thermodynamic framework and verify with the experimental data published by 
Park et al. and to implement this to the large scale reservoir grids. 
5. To optimize the N2-CO2 ratio using this thermodynamic model, thus predicting the 
maximum recovery of CH4 from a natural gas hydrate reservoir while simultaneously 
sequestering CO2. 
 
 
 
 
 
 
 
 
 
 
